Bi 2 WO 6 photocatalyst was first utilized to degrade malachite green. The effects of the concentration of malachite green, the pH value, and the concentration of Bi 2 WO 6 on the photocatalytic efficiency were investigated. This study presents a strategy to eliminate highly toxic and persistent dyes such as malachite green.
Introduction
Malachite green is a kind of triphenylmethane dye which has been widely used in the production of ceramics, leather, textile industry, food coloring, cell coloring, and so on. Due to its high efficiency in disinfection, it has also been used in aquaculture industry to treat scratch on the fish bodies and defend against bacterial infections. Since 1990s, however, researchers found that malachite green and its reduced forms are highly toxic, persistent, carcinogenic, and mutagenic [1] . It will bring irretrievable damage to the environment if discharged into water body.
In recent years, much effort has been devoted to utilize photocatalysis to eliminate organic dyes in contaminated water [2] [3] [4] [5] [6] [7] [8] [9] . TiO 2 -based nanomaterials are typical photocatalysts which have been extensively investigated, especially in the photodegradation of dyes [10] [11] [12] . TiO 2 possesses high activity in degrading pollutants under UV light irradiation and will not bring secondary pollution. However, TiO 2 is only active under UV light irradiation, which is unfavorable for practical application [13] [14] [15] . Semiconductors of the Aurivillius oxides with general formula of Bi 2 A n−1 B n O 3n+3 (A = Ca, Sr, Ba, Pb, Na, K and B = Ti, Nb, Ta, Mo, W, Fe) have gained much attention due to their unique electronic structure and good stability [16] . Such oxides have become new types of highly effective photocatalysts. Bi 2 WO 6 , as a typical Aurivillius oxide (n = 1), is attractive due to its narrow band gap, good stability, and excellent antioxidation ability. It has been reported that Bi 2 WO 6 could be used as a photocatalyst to decompose water and degrade organic pollutants [17] [18] [19] [20] . However, the investigated organic pollutants degraded by the photocatalysis of Bi 2 WO 6 are limited.
In this paper, Bi 2 WO 6 is firstly used as a photocatalyst to degrade a new kind of organic pollutant, malachite green. The effects of the concentration of malachite green, the pH value, and the concentration of photocatalyst on the degradation efficiency were studied. Under optimal condition, the degradation efficiency of malachite green is as high as ∼100% only after 15 min of irradiation with Bi 2 WO 6 photocatalyst. These results reveal that Bi 2 WO 6 photocatalyst is a very perspective photocatalyst in wastewater remediation.
Experimental Section
All the reagents were of analytical purity and were used as received from Shanghai Chemical Company. In a typical process, aqueous solutions of Bi(NO 3 ) 3 ·5H 2 O and Na 2 WO 4 ·2H 2 O in 2 : 1 molar ratio were mixed together, then the pH value of the final suspension was adjusted to about 7. The mixture was stirred for several hours at room temperature. Then the suspension was added into a 50 mL Teflon-lined autoclave up to 80% of the total volume. The suspension in the autoclave was heated at 160
• C for 24 h under stirring. Subsequently, the autoclave was cooled to room temperature naturally. The products were collected by filtration and then were washed by deionized water and absolute ethanol until no anions were left in the solution as tested. The samples were then dried at 80
• C for several hours.
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The X-ray diffraction (XRD) patterns of the samples were measured on a D/MAX 2250V diffractometer (Rigaku, Japan) using monochromatized Cu Kα (λ = 0.15418 nm) radiation under 40 kV and 100 mA and scanning over the range of 10
• ≤ 2θ ≤ 80
• . The morphologies and microstructures of as-prepared samples were analyzed by transmission electron microscopy (TEM) (JEOL JEM-2100F, accelerating voltage 200 kV). The UV-vis diffuse reflectance spectra of the samples were recorded with a UV-vis spectrophotometer (Hitachi U-3010) using BaSO 4 as reference.
For photocatalysis test, typically aqueous Bi 2 WO 6 suspensions were prepared by adding certain amount of Bi 2 WO 6 into a 50 mL solution of malachite green with different concentration. The pH values of the suspensions were adjusted by adding KOH or HCl solution when necessary. Before illumination, the suspensions were magnetically stirred in dark to reach the adsorption/desorption equilibrium. A 500 W Xe lamp was used as the light source. The distance between the lamp and the suspension was kept at 20 cm. The experiments were processed at room temperature. At given time intervals, the suspension was sampled and centrifuged to remove the photocatalyst particles. For the photocatalytic degradation of malachite green under anoxic condition, N 2 bubbles were introduced into the reaction system for several hours to drive O 2 out, and then the reaction vessel was irradiated by Xe lamp. Malachite green exhibits the highest absorption at 616 nm, and the concentration of malachite green was monitored by the change of the absorption (A) at 616 nm by a Shimadzu UV-1700 spectrophotometer in the photocatalytic reaction process. The degradation efficiency (η) was described by the equation: 0 and c were the concentrations of malachite green at the beginning and after the photocatalytic reaction for certain time, while A 0 and A were the absorption intensities at the beginning and after photocatalytic reaction for certain time).
Results and Discussions
The phase and composition of the products, which were prepared at neutral pH value and the temperature of 160
• C for 24 hours, were investigated by using XRD measurement. Figure 1 shows the XRD pattern of the Bi 2 WO 6 sample. Obviously, the Bi 2 WO 6 sample exhibits high-intensity and narrow-diffraction peaks in the XRD pattern, which is due to the well crystallization. All the diffraction peaks can be indexed to orthorhombic Bi 2 WO 6 according to the JCPDS card no. 39-0256. After refinement, the crystal lattice parameter of Bi 2 WO 6 was calculated to be as follows: a = 5.456Å, b = 16.445Å, and c = 5.444Å.
As shown in Figure 2 , the diffuse reflectance spectrum of as-prepared Bi 2 WO 6 indicates it absorbs visible light with wavelength shorter than 470 nm. The morphology and microstructure of the Bi 2 WO 6 samples were revealed by TEM images (Figures 3(a) and 3(b) ). The panoramic view shown in Figure 3(a) demonstrates that the as-prepared product is composed of homogeneous nanoplates. Close observation revealed by high-magnification TEM image (Figure 3(b) ) shows that most of these nanosized Bi 2 WO 6 are nanoplatelike. In addition, the shape and the size can also be observed clearly, which is platelike with size of about 200 nm. The absorption spectrum of malachite green was shown in Figure 4 (a). As demonstrated, the highest absorption appeared at 616 nm which was used to monitor the concentration of malachite green. The effect of the initial concentration of malachite green on the photocatalytic degradation rate was first investigated. The concentration of Bi 2 WO 6 was kept at 1 g·L penetration decreased, and the photocatalytic activity of Bi 2 WO 6 was inhibited. Less Bi 2 WO 6 would be activated, and the degradation efficiency of dye decreases accordingly [21] .
The effect of pH value on the degradation efficiency of malachite green in the range that the solution possesses a stable color of blue was further investigated. The pH value of the original solution of malachite green is 5.3. Diluted hydrochloride acid solution or potassium hydroxide solution was used to tune the pH value when necessary. The initial concentration of malachite green solution and the concentrations of the photocatalyst were kept at 10 mg·L −1 and 1 g·L −1 , respectively. Various solutions of different pH values of 2, 4, 5.3, and 8 were prepared. After 30 min of photocatalytic irradiation, degradation efficiencies were compared. As illustrated in Figure 5 , the degradation efficiency of malachite green solution decreased when the pH value of the reaction solution increased. The degradation efficiency of the malachite green solution was 98.9% when pH value was 2, while the degradation efficiency was 30.63% when pH value was 8. The observed dependence may be ascribed to the pH value effect on the photocatalyst. The oxidation of organic compounds involving the diffusion of organic compound to the particle surface so as to form a complex firstly, followed by the exchange of electrons with the reactive surface of oxides has been reported [22] . Since malachite green has an anionic configuration, the adsorption is favored in acidic solution. The prevailing pH value of the solution affects the mode and extent of adsorption of malachite green on the Bi 2 WO 6 surface and thus, indirectly, affects the photodegradation efficiency of malachite green. On the other hand, in the catalytic process, H + can enhance the surface acidity of Bi 2 WO 6 and make the malachite-green molecules more prone to interact with Bi 2 WO 6 . These effects lead to the observed increase in the degradation efficiency with decreased pH value.
The cost of photocatalyst was the primary factor contributing to the chemical costs of photocatalytic treatment. It is important to minimize the required amount of photocatalyst. Thus, the investigation of Bi 2 WO 6 concentrations on the degradation of malachite green dye was conducted, which is shown in Figure 6 . The initial concentration and the pH value of malachite green solution are kept at 10 mg·L , and 1.8 g·L −1 , respectively. After 10 min of photocatalytic degradation, the degradation efficiencies were compared. In Figure 6 , the photocatalytic degradation performance is relatively undesirable. The degradation efficiency of malachite green solution increased with the increase of the concentration of Bi 2 WO 6 until the concentration of Bi 2 WO 6 reached to 1.0 g·L −1 , while corresponding degradation efficiency was 87.04%. However, the degradation efficiency changed little when the concentration of Bi 2 WO 6 was more than 1.0 g·L −1 . This can be explained on the basis that optimum photocatalyst loading is dependent on initial solute concentration. If the concentration of photocatalyst was increased, the total active surface was increased correspondingly, and as a result, the enhanced photocatalytic performance was obtained. However, the increased concentration of photocatalyst would have no effect on promoting the degradation efficiency after a maximum photocatalyst concentration was imposed. This may be ascribed to the increased aggregation of photocatalyst at high concentration. Therefore, the optimal concentration of Bi 2 WO 6 in current case is 1.0 g·L −1 . According to above experiments, the optimal conditions for photocatalytic degradation of malachite green are as follows: the initial concentration of malachite green, pH value, and the concentration of Bi 2 WO 6 are 10 mg·L −1 , 2, and 1.0 g·L −1 , respectively. Figure 7 shows the evolution of the degradation of malachite green with irradiation time. It is revealed that the degradation of malachite green solution was fast during the initial 5 min of photocatalytic reaction. Then it decreased gradually. According to earlier reports, [23] [24] [25] Thus, the rate of photocatalytic degradation is proportional to the concentration of photocatalyst. For the degradation of malachite green solution, the concentration of malachite green gradually decreased during the photocatalytic degradation. As a result, the photocatalytic degradation is relatively fast during the initial 5 min. For the malachite green solution with the initial concentration of 10 mg·L −1 and pH value of 2, the color of the solution hardly changed in the dark without any photocatalyst. For the same malachite green solution, the degradation efficiency with Bi 2 WO 6 photocatalyst in the dark for 90 min is only 13.6%, which can be attributed to the adsorption of malachite green on Bi 2 WO 6 photocatalyst. And the degradation efficiency without photocatalyst is 13.56% after 15 min under light irradiation, which is due to the photolysis of malachite green. These comparison experiments revealed that the decrease of malachite green is mainly caused by the photocatalytic degradation.
For comparison, a typical commercial TiO 2 , P25, was selected as the reference. Under simulated solar light, it exhibited comparable activity as that of the Bi 2 WO 6 ( Figure  (7b) ). However, as indicated by Figure (7c) , under visible light irradiation P25 exhibited poor photocatalytic activities in the photodegradation of malachite green because, it can only be activated by UV light. In order to check if oxygen molecules affected the degradation process, the photocatalytic degradation of malachite green was carried out under N 2 -saturated conditions. The result shown in Figure (7d) indicates that under the anoxic condition, the photodegraded rate was largely suppressed.
Conclusion
In conclusion, a visible light-induced Bi 2 WO 6 nanoplate photocatalyst was hydrothermally synthesized at neutral pH values and at a temperature of 160
• C for 24 h. The obvious degradation of malachite green was only observed with Bi 2 WO 6 photocatalyst under light irradiation. The photocatalytic performance of the Bi 2 WO 6 sample was found greatly influenced by the concentration of photocatalyst, the concentration of malachite green, and the pH value of the reaction system. The optimum concentration of photocatalyst was 1.0 g·L −1 for the degradation of 10 mg·L
malachite green solution with the pH value of 2. In addition, the relation between the rate of photocatalytic degradation and the concentration of malachite green can be described by the pseudo-first-order kinetics, rationalizing in terms of the Langmuir-Hinshelwood model.
